Introduction
Sandwich enzyme-linked immunosorbent assay (ELISA) is a useful tool in biomedical analysis. The immunoreaction of an antigen toward two antibodies generates a reliable, sensitive and specific bioanalytical method. The high-throughput potential of ELISA makes it even more attractive. This technique can be applied to clinical fields, 1,2 environmental research, 3, 4 pharmaceutical development, 5, 6 food science, 7 and forensic science. 8, 9 However, ELISA generally requires the consumption of expensive reagents, a relatively large sample volume, and a long analysis time due to complicated operation steps including multiple incubation and washing steps.
A solution for avoiding the problem of a long analysis time is to perform a single-step sandwich immunoreaction. [10] [11] [12] [13] [14] This eliminates two immunoreaction steps, including several washing steps, leading to a reduction in total analysis time. Lee et al. demonstrated a single-step immunoreaction using an innovative chemiluminescent enzyme immunoassay that resulted in a lower detection limit and shorter analysis time compared to conventional ELISA. 11 In addition, Kumada et al. developed a single-step ELISA by taking advantage of peptide tag enzyme-specific affinity on a hydrophilic polystyrene surface. 12 Guan et al. developed a rapid single-step sandwich ELISA with disposable screen-printed carbon electrode technology. 15 However, even though the reported single-step ELISA offer a shorter analysis time than conventional ELISA, they require the antibody tag, which can be costly, and they involve a microplate format, which require a relatively large sample volume.
Nanoliter scale immuno-and enzyme reactions would represent an improvement in ELISA systems. This could minimize the need for costly reagents, reduce valuable sample quantities, and facilitate faster immunoreaction due to shorter diffusion distance. Glass capillaries can offer these advantages due to their high surface-to-volume ratio. The concept of capillary immunosensors was first reported in the early 1990s. 16, 17 Basically, an antibody is covalently immobilized inside the capillary and the antigen sample and other reagents are introduced sequentially using a flow device. Reports have demonstrated that a capillary immunosensor can be utilized for the analysis of heart marker proteins: myoglobin, creatine kinase mb, troponin I, and fatty acid-binding protein, 18, 19 and for the measurement of paclitaxel, an anticancer drug. 20, 21 However, most capillary immunosensors are used primarily in automated systems, they therefore require a flow-through process with reagents on the sub-milliliter order. Thus, even in the capillary immunosensors, they consume large amounts of expensive reagents and precious samples.
To take advantage of nanoliter sample volume of glass capillary, one must implement a stop-flow method. We have reported a capillary immunosensor based on the step-wise introduction of antigen, enzyme-linked antibody, and enzyme 2012 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: hisamoto@chem.osakafu-u.ac.jp To simplify the complicated operation steps and to minimize sample and reagent amounts for enzyme-linked immunosorbent assays (ELISA), we developed a square glass capillary immunosensor containing both covalently immobilized capture antibodies and physically adsorbed enzyme-linked antibodies. The immobilization of capture antibodies (anti-human IgG) was carried out by the treatment of 3-aminopropyltriethoxy silane, glutaraldehyde, and protein-A, followed by affinity capture of the antibody. In contrast, the enzyme-linked antibodies (alkaline phosphatase (ALP)-linked anti-human IgG) were physically adsorbed on the four corners of the capillary with the aid of polyethylene glycol (PEG) acting as a scaffold. A nanoliter volume of antigen (human IgG)-containing sample solution was introduced via capillary action. This addition resulted in the release and diffusion of ALP-linked anti-human IgG into the bulk solution. This event led to a 20-min single-step sandwich immunoreaction at the inner wall of capillary; the reaction was detected through the reaction with fluorescein diphosphate (FDP) which generated a fluorescent product, fluorescein. Using this technique, we obtained an intra-capillary precision with a coefficient of variation of 9.7%. In addition, the specificity study showed that the human IgG capillary immunosensor did not respond to rabbit IgG. Quantitative analysis was possible within the response range of 10 -5000 ng mL -1 anti-human IgG. This capillary immunosensor can act as a single analytical unit or can be integrated into a capillary array for multiple bioanalysis. substrate in a stop-flow mode during the incubation steps for the immunoreaction and enzyme reaction. 22, 23 Furthermore, preliminary investigation on a single-step ELISA without washing steps was conducted using a dual-enzyme system which focused on the effect of enzyme proximity on the fluorescence response. 24 This report first introduced the concept of a single-step immunoreaction capillary immunosensor that contained both the capture antibodies and the enzyme-linked antibodies inside a square glass capillary conduit. The capture antibody is covalently immobilized while the enzyme-linked antibody is physically adsorbed on the corners of the square glass capillary. However, capillary-to-capillary variations of the sensor response have been still a problem, due to the fact that the fluorescent substrate used for horse radish peroxidase (HRP) was unstable and that complex parallel reactions including immunoreaction, enzymatic reaction, and enzyme inhibition reactions were involved in the response mechanism.
Single-Step Sandwich Immunoreaction in a Square Glass
Therefore, in order to demonstrate more stable analysis using single-step immunoreaction capillary immunosensor, here we simplified the complex parallel reactions into a single-step immunoreaction, and changed the linked enzyme from HRP to alkaline phosphatase (ALP).
Although introduction of fluorescent substrate solution is still required, the most time-consuming reaction steps of immunoreactions can be simplified into a single step, and reducing analysis time and minimizing the sample and reagent amounts are expected.
Here the fundamental characteristics and performance of the single-step immunoreaction in a square glass capillary immunosensor immobilizing both capture antibodies and enzyme-linked antibodies were investigated. Sensor performance was compared with those of multi-step capillary ELISA and the commercially available microtiter plate ELISA.
Experimental

Materials
Square glass capillaries with a 300-μm outer width and 50-or 100-μm inner width were purchased from Polymicro (Phoenix, AZ). Reagents of the highest grade commercially available were used for the preparation of buffer solutions. 3-Amino-propyltriethoxysilane (APTES) and glutaraldehyde were acquired from Tokyo Chemical Industry (Tokyo, Japan). Bovine serum albumin (BSA), protein A and alkaline phosphatase-linked antibody were purchased from Sigma-Aldrich (Milwaukee, WI). Fluorescein diphosphate tetraammonium salt (FDP) and poly(ethylene glycol) (PEG: Mn = 20000) were obtained from Wako (Osaka, Japan). Human and rabbit IgG ELISA kits were purchased from Bethyl Laboratories (Montgomery, TX). All reagents were used without further purification. The distilled and deionized water used had a resistivity of more than 1.7 × 10 7 Ω cm -1 at 25 C.
Instrumentation
Fluorescence images of the capillary immunosensor were obtained using a fluorescence microscope (Keyence Multi-Viewer System VB-S20, Keyence Corp., Osaka, Japan). Photographs were obtained using a cooled CCD color camera (VB-7010, Keyence Corp., Osaka, Japan) installed at the front port of the microscope. Fluorescent images were collected using a 120-W mercury lamp as a light source and a filter pair (excitation filter at 470/40 nm, emission filter at 510 nm) (VB-L11, Keyence Corp., Osaka, Japan). Fluorescence images were converted to a numerical response using Scion Image software.
Using the line scan mode of the software, we compared the fluorescence signal of each capillary immunosensor.
Preparation of the capillary immunosensor
All of the capillaries were washed with 1 M sodium hydroxide (30 min), and were flushed with pure water and acetone and dried at 70 C for 60 min prior to use. The polyimide coating was removed by heating. These steps were necessary to ensure that the inner glass capillary surface was clean and ready for surface modification.
The capillary immunosensor was prepared by first covalently immobilizing the anti-human IgG onto the inner surface of the square glass capillary using established silanization procedures. Briefly, 30% (v/v) APTES in acetone was introduced into the capillary and left for 40 min to functionalize the surface with an amino group. Then, the capillary was washed with acetone and dried at 70 C for 60 min. A 2.5% aqueous solution of glutaraldehyde then was introduced onto the amino-modified surface and allowed to react for 40 min.
Unreacted glutaraldehyde was removed with water, followed by introduction of 0.05 mg mL -1 protein A in 100 mM phosphate buffer (pH 7.4), which was allowed to incubate for 1 h. The capillary was thoroughly washed with water. Then, the imine groups were reduced by 0.1 M sodium borohydride in aqueous solution for 60 min, followed by washing with water and 50 mM Tris buffer (pH 7.4) (Tris buffer 1). Then, 10 μg mL -1 capture anti-human IgG in Tris buffer 1 was introduced and incubated for 60 min. The capillary was washed with Tris buffer 1, followed by a blocking step using 1% BSA in Tris buffer 1 for 2 h. Then, the capillary was washed with Tris buffer 1. In the same capillary, the ALP-linked anti-human IgG (100 ng mL -1 ) in 300 mg mL -1 PEG20000 was physically adsorbed as a dissolvable PEG membrane by introducing the cocktail followed by a flow of air. This procedure ensured that some PEG membrane remained at the four corners of the square capillary. 25, 26 The total amount of adsorbed ALP-linked anti-human IgG was estimated to be approximately 11.8 ng mL -1 in concentration after sample introduction, which is similar to the concentration used for traditional ELISA experiments described in the next section (10 ng mL -1 ).
ELISA with capillary immunosensor
For single-step ELISA, various concentrations of antigen in Tris buffer 1 containing 1% BSA were introduced into the capillary immunosensor; both capture antibody and enzyme-linked antibody were immobilized via capillary action, followed by incubation for a preset time, and subsequently washing with 1 mL of 50 mM Tris buffer (pH 7.4) containing 0.14 M NaCl and 0.05% Tween 20, introduced by using a syringe. Fluorescence was detected by introducing an excess volume (ca. 100 μL) of 20 μM FDP in 50 mM Tris buffer (pH 9) with an incubation time of 60 min. For multi-step ELISA, ALP-linked anti-human IgG in Tris buffer 1 (10 ng mL -1 ) was introduced into the capillary to immobilize capture antibodies after the antigen incubation; then incubated for 20 min. Fluorescence was detected using the same procedure as for the single-step ELISA experiment.
Results and Discussion
This study investigated a capillary immunosensor containing covalently immobilized capture antibody and physically adsorbed ALP-linked antibody inside a square glass capillary. The square glass capillary offers interesting features, such as minimal reflection/refraction of light, 27, 28 and the sensors prepared using square glass capillaries can be simply embedded into polymer microchannels possessing the same cross-section as the outer diameter of the square capillary for multiparametric sensing in a single microfluidic device. 25, 26, [29] [30] [31] The basic concept of single-step immunoreaction in the glass capillary immunosensor is shown in Fig. 1 . Basically, the nanoliter volume of antigen-containing sample solution flows into the capillary immunosensor, via capillary action, releasing the adsorbed ALP-linked antibody. Spontaneous single-step immunoreaction will most likely occur, with the antigen being sandwiched by the capture antibody and the ALP-linked antibody or by two ALP-linked antibodies during incubation. The excess ALP-linked antibody and antigen were washed with buffer. Then, the ALP-linked antibody left on the surface due to sandwich immunoreaction is allowed to react with FDP. The reaction of FDP with ALP liberates the green fluorescent dye, fluorescein.
First, we investigated the capillary size for preparing singlestep capillary immunosensors using the 50-and 100-μm capillary.
When the immunoreaction times between surface-bound antigen and the ALP-linked anti-human IgG were compared by the traditional step-by-step ELISA method, as expected, the 50-μm capillary exhibited faster immunoreaction time of about 10 min compared to 20 min for the 100-μm capillary immunosensor (Fig. 2) .
However, when the ALP-linked anti-human IgG was physically adsorbed in the capillary, introduction of the viscous PEG solution containing ALP-linked anti-human IgG into the very small capillary conduit posed a potential clogging problem. Therefore, for the ease of capillary immunosensor fabrication, the 100-μm capillary was used.
To compare the response range, we conducted traditional ELISA methods. The immunoreaction times were set at 20 min based on former results. As shown in Fig. 3 , the single-step capillary immunosensor demonstrated a wider response range (10 to 5000 ng mL -1 ) compared to that of the multi-step process (100 to 5000 ng mL -1 ). However, the slope of the line for the multi-step capillary immunosensor was more sensitive to changes in human IgG concentration than that from the single-step immunoreaction capillary. Possible single step reactions that took place inside the capillary can be considered as the following. W-Ab1 + Ag + Ab2 → W-Ab1-Ag + Ab2 → W-Ab1-Ag-Ab2 (1)
Here W-Ab1, Ag, and Ab2 represent covalently immobilized capture antibody at the capillary wall, antigen, and enzyme labeled antibody, respectively. Reactions (1) and (2) contribute to the fluorescence increase, while reaction (3) does not. One possible explanation is as the following. For the single-step immunoreaction, the antigen is likely to react first with the dissolved ALP-linked antibody in the solution (reaction (2)). Therefore, it is possible that the antigen may form a relatively stable complex with the ALP-linked antibody, compared with that in conventional ELISA where the reaction occurs at the solid surface (reaction (1)). This effect may lead to an increase in surface bound ALP-linked antibodies; thus, fluorescence intensity increased in the low-antigen concentration region. In contrast, antigen can also form multiple complexes with the ALP-linked antibody in solution (reaction (3)). These species cannot form a sandwich at the solid interface; thus, the effective ALP-linked antibody concentration decreased, compared with that of conventional ELISA. This effect may be seen in the high-antigen concentration region. In order to clarify the mechanism, investigation of the antibody concentration on a response curve is necessary. However, in our case, increasing ALP-linked antibody concentration gave increase in non-specific adsorption (data not shown).
Therefore, elimination of non-specific adsorption in wide concentration range is necessary to gain more information on the mechanism. Although further investigation is necessary to fully explain the results, the present method allowed a wider response range compared with that available with conventional capillary ELISA.
The specificity of the human IgG capillary immunosensor was tested against rabbit IgG by comparing the fluorescence response at various antigen concentrations. When the rabbit IgG solution is introduced into the human IgG capillary immunosensor, the ALP-linked anti-human IgG should not undergo immunoreaction; therefore, no fluorescence response will be produced. Figure 4 shows the specificity of the human IgG capillary immunosensor, which responded to the human IgG sample but not with the rabbit IgG at various antigen 
concentrations.
The uniformity of the capture anti-human IgG covalent immobilization and physical adsorption of the ALP-linked anti-human IgG along the longitudinal direction of the capillary was evaluated by cutting a 15-cm long capillary immunosensor into five capillaries, each three centimeters in length. Into each human IgG-specific capillary immunosensor, a 1000 ng mL -1 human IgG solution was introduced via capillary action, that was incubated for 20 min, washed, and allowed to react with FDP. Results revealed that the coefficient of variation was 9.7% (n = 5), which suggests homogeneous distribution of the capture anti-human IgG and ALP-linked anti-human IgG on the surface of the inner capillary in the capillary immunosensors. This result also implies that precise measurement is possible using smaller capillary immunosensors prepared from one long immunosensor capillary. Table 1 is a comparison of the three immunoassays: multi-step (conventional) capillary ELISA, single-step capillary ELISA, and microtiter plate ELISA. Concerning the microtiter plate ELISA, values described in a data sheet available from the reagent manufacturer (Human IgG ELISA Quantitation Set, Cat. No. E80-104, Bethyl Laboratories, Inc., USA) were used. The steps involved included immunoreaction, washing, and enzyme reaction. The multi-step capillary ELISA and microtiter plate ELISA required two immunoreaction steps, two washing steps, and one enzyme reaction step, for a total of five operation steps. In contrast, the single-step capillary ELISA required fewer steps and a shorter immunoreaction time; it resulted in a wider linear range, and in consumption of less reagent and fewer samples.
Conclusions
The glass capillary immunosensor developed was designed to simplify and shorten the ELISA procedure and to minimize the amounts of expensive reagents and sample needed. This was achieved using a capillary immunosensor with a covalently immobilized capture antibody and a physically adsorbed ALP-linked antibody in a PEG scaffold. Results indicated that antigen measurements using this capillary immunosensor are simple, precise, and specific. Since the square glass capillary sensor has been used for multiple chemical sensing on a single microchip, 22, 25, 31 the present capillary sensor shows promise for simplification of the steps needed for multi-immunoassay chip fabrication by embedding various square capillary immunosensors. 22 
